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Abstract 
 
Low temperature atmospheric pressure plasma sources are used for the destruction of 
hazardous compounds, ozone generation, thin film deposition, and polymer surface treatment. 
Low temperature atmospheric pressure plasma is also used for wound healing, inactivating the 
cancer cell, and sterilization of the biological samples and surgical instruments. Dielectric 
barrier discharge is widely used to generate low temperature atmospheric pressure plasma. In 
dielectric barrier discharge, high voltage pulses are used to initiate breakdown process in the 
background gas bounded by the insulator covered electrode. Chemical species generated within 
plasma volume actively participate in the surface modification and inactivation process. 
Electrons generated in the discharge zone transports energy in the discharge zone. This energy 
is then efficiently utilized for the production of different chemically active species in the 
background gas. Chemical kinetics of the active chemical species are controlled by varying the 
background gas composition. Spatial uniformity of plasma ensures the energy consumed 
during the discharge ignition process is uniformly distributed over the entire plasma volume 
and utilized for the production of relevant active chemical species. Understanding the process 
of obtaining stable, spatially uniform plasma is important for the development of viable plasma 
processing technology. 
Temporal stability and spatial uniformity in dielectric barrier discharge depends on the 
“memory effect”, a process in which energy absorbed in one discharge phase facilitates the gas 
breakdown process in the forthcoming discharge phase. In dielectric barrier discharge 
configuration, the energy consumed in the active discharge phase is stored as capacitive energy 
on the solid insulator surface, or is stored in different vibrational and electronic excited states 
of the background gas. The energy exchange processes of the long-lived excited states enhances 
the production of different chemical species and acts as a source of secondary electrons 
required for uniform stable discharge. The energy exchange processes and their relative probability 
is the central theme in the plasma application studies. This thesis presents the systematic 
investigation on the influence of the energy exchange processes of long-lived electronic excited 
states on discharge stability.   
Discharge characterization of the dielectric barrier discharge chamber 
Non-thermal atmospheric pressure plasma is generated inside a discharge chamber made of 
Polymethyl methacrylate. Discharge gap is 1 cm and the discharge volume is 81 cm3.  
1.  Experimental set up and condition:  
 































Figure 2 Discharge chamber schematics and equivalent circuit. V
app
 is the applied voltage, i
meas
 is 
the measured current.  
The schematics of the experimental set up is shown in figure 1, discharge chamber schematics 
and equivalent circuit is presented in figure 2, discharge chamber configuration and the 
experimental conditions are described in the Table 1 and Table 2.  
Table 1: Discharge chamber: 
Electrode area 9 × 9 cm2 
Discharge gap 1 cm 
Discharge volume 81 cm3 
Dielectric constant of the barrier 3.4 
Dielectric barrier thickness 0.2 cm 
Barrier capacitance 60.96 pF 
Discharge gap capacitance 7.17 pF 
 
Table 2: Experimental conditions: 
Applied voltage  12 kVpp 
Frequency 10 kHz 
Pulse duration 20 s 
Feed gas He (99.99995%) 
Admixture gas N2, N2 +NO (500 ppm), N2 + H2O (100 ppm) 
Admixture ratio 0%-3% 
Gas flow rate 1-5 standard liter per minute 
High voltage probe Tektronix P 6015a 
Current probe Pearson™ 2877 
Spectrometer PMA-C 10029 
Optical resolution 3 nm 
 Figure 3: (a) Measured voltage Vapp and current Imeas waveform in one voltage pulse. Pulse 
frequency is 100 s and the pulse width is 20 s. Voltage pulse has two positive polarity and one 
negative polarity cycle. 80 s duration off voltage time between successive pulses when current is 
0. (b) Discharge gap voltage Vgap and discharge current Idis waveform. Prominent current peak is 
observed in each polarity cycle of the applied voltage. Discharge phases are labelled as 1st pos., 1st 
neg. , 2nd pos. and off discharge phase in the figure. Gas breakdown initiates when Vgap = Vbr.  (c) 
Optical emission spectra obtained during 1st pos. and off-discharge phase. Image intensifier unit 
exposure time is 5 s for 1st pos. discharge phase and the image intensifier unit exposure time is 
75 s for off-discharge phase. Applied voltage 12 kVpp, gas flow rate 3 standard liter per minute, 
discharge gap 1 cm.  


















































He + 2% N
2
(a)  (b)  
(c) 









































Before discharge ignition (Idis =0), discharge chamber behaves as a capacitive voltage divider 
[fig. 2], the discharge gap voltage 𝑉𝑔𝑎𝑝(𝑡) = 𝑉𝑎𝑝𝑝(𝑡) − 𝑉𝑑𝑖𝑒𝑙(𝑡)  increases following the 




 . Gas breakdown initiates when 𝑉𝑔𝑎𝑝 = 𝑉𝑏𝑟 , [ fig. 3(b)] and the discharge current 
increases exponentially. Discharge current 𝐼𝑑𝑖𝑠(𝑡) = 𝐼𝑚𝑒𝑎𝑠(𝑡) − 𝐼𝑐𝑎𝑝(𝑡) , deposits charges on 
the barrier surface. Barrier voltage 𝑉𝑑𝑖𝑒𝑙 (𝑡) and the electric field due to deposited charges 
increases rapidly. 
Figure 4: Electrical and optical emission spectroscopic diagnostics of discharge ignition phase. 
The electrons moving from cathode to anode reaches at the optical window earlier and the time 
difference between emission intensity peak and the discharge current peak represents this time 
delay. Electron impact excitation populates the excited state N2 (C,0) that emits the second positive 
system (0-0) band of N2 (337 nm) while making an transition to N2 (B,0) state, and He (3
3S) state 
which He (706.5 nm) atomic line while making an transition to He (23P) state. Penning ionizing 
collision of He (23S) populates the N2
+ (B,0) excited state that emits first negative system (0-0) 
band of N2 while making a transition to N2
+ (X,0) state.  
Applied voltage 12 kVpp, gas flow rate 3 slm, Feed gas helium, discharge gap 1 cm.  
In active discharge phase (1st pos., 1st neg. and 2nd pos.), the discharge current density represents 
the ionization efficiency and the optical emission intensity represents the production rate of 
different excited species. In the post-discharge phase, optical emission intensity is 
representative of the energy exchange processes of the long-lived excited species. At 
atmospheric pressure, He (23S) and N2 (A) are the dominant long-lived species that influences 
the discharge dynamics. Influence of the He (23S) species, which increases the ionization 
efficiency by Penning ionization process He𝑚 + N2  → N2
+(𝐵) + He + 𝑒, 𝑘Hem
N2 = 7.6×10-11 
cm3/sec, is concurrent with the discharge ignition phase [Fig. 4]. The N2 (A) long-lived species 
have higher effective lifetime and can influence the discharge behavior in the off discharge 
phase, when Vapp =0. Emission spectra accumulated during off discharge phase [fig. 3 (c)] arose 
due to the energy exchange collisions of N2 (A) with NO and OH molecule 
N2(A) + OH(𝑋) → N2(X) + OH(A Σ
+2 )   𝑘N2(𝐴)
𝑂𝐻(𝑋)
 9.5 ×10-11 cm3 / s 
N2(A) + NO(𝑋) → N2(X) + NO(A Σ
+2 )  𝑘N2(𝐴)
𝑁𝑂(𝑋)
 6.6×10-11 cm3 / s 
N2(A) + N2(A) →  N2(C) + N2   𝑘N2(𝐴)
N2(𝐶) = 1.5×10-10 cm3/ s 
Emission intensities of NO- band, OH (309 nm) band and second positive system (SPS) band 
of N2 depends on the N2 (A) state density. N2 (A) state density in the off discharge phase is 
estimated from the emission intensity ratio of SPS (0-0) band of N2 (337 nm) and NO- (0-2) 
band (247 nm).  
Discharge chamber was kept in the ambient air during discharge operation. Surrounding air 
diffused inside the discharge chamber and increases the air impurity level. Air impurity level 
inside the discharge chamber depends on the gas flow rate. Air impurity level inside the 
discharge chamber is determined by the optical emission spectroscopic investigation of the 
discharge development phase. Effective lifetime of the He (23S) is determined from the 
emission intensity variation of 391.4 nm band [fig. 4] during post-discharge phase and 
corresponding air impurity level is calculated from Penning ionization rate constants.  
Table 3: Experimentally obtained effective lifetime and corresponding air impurity level 
Gas flow rate (slm) Effective lifetime (ns) Air impurity (ppm) 
3 125 690 
3.5 144 600 
4 167.5 520 
4.5 194 440 
5 229 370 
 
Temporal variation of the excited species depends on the composition of the background gas 
and also on the gas flow rate which determines the average staying time of these species in the 
discharge volume. The influence of the gas flow rate and the background gas composition is 
studied by adding 0% to 3% of N2, N2 +NO (500 ppm), and N2 + H2O (100 ppm) admixture 
gas in the flow.  
 























































Figure 5: Variation in the discharge ignition voltage Vbr, (b) maximum discharge current, with 
admixture ratio during 1st pos. discharge phase, for different admixture gas composition. 
Breakdown voltage remains almost the same but the maximum discharge current is slightly 
different for each admixture gas composition. This difference arises because the ionization 
efficiency of each admixture gas composition is different. 
(a) (b) 
Discharge ignition voltage remains almost constant for different admixture gas composition. 
Ionization efficiency and Penning ionization rate of the admixture gas component are different, 
so the maximum discharge current during 1st pos. discharge phase is different in each admixture 
gas composition. For a fixed admixture gas composition, the discharge current density and 
emission intensity of SPS (0-0) band of N2 has a minimum around 2.5% admixture ratio. Initial 
increase in the maximum discharge current is due to the Penning ionization of the admixture 
gas. The increase in the maximum discharge current above 2.5% admixture ratio is due to the 
increase in the N2 (A) state density in the discharge chamber [fig. 7], which influences the 
discharge characteristics. Estimated N2 (A) state density obtained from the emission intensity 
ratio of NO- (0-2) band and the SPS (0-0) band of N2 increases with N2 admixture ratio. N2 
(A) state density increases rapidly above 2% admixture ratio. Energy stored in N2 (A) 
metastable state carries energy from one voltage pulse to another, thus transfers the memory of 
the previous voltage pulse. The secondary emission coefficient of the barrier surface depends 
on the N2 (A) flux, Γ𝑁2(𝐴) =
1
4
𝑛𝑁2(𝐴)𝑣𝑡ℎ on the dielectric barrier surface.  














Figure 6: Variation in (a) the maximum discharge current, and (b) the emission intensity of SPS 
(0-0) [337 nm] and FNS (0-0) band [391.4 nm] of N2 with admixture ratio during 1
st
 pos. discharge 
phase. Emission intensity of SPS (0-0) band of N2 and the maximum discharge current increases 
when admixture ratio is above 2.5%. Admixture gas N2 + NO (500 ppm). Applied voltage 12 kVpp, 
gas flow rate 3 slm, discharge gap 1 cm.   
(a) (b) 
 Figure 7: Off discharge variation in the emission intensity of NO- (0-2) band (247 nm) and the 
SPS (0-0) band of N2 [337 nm] with admixture ratio in the off-discharge phase. Emission intensity 
ratio of these emissions bands are used to estimate the N2 (A) state density in the discharge zone. 
N2 (A) state density increases rapidly above 2% N2 admixture ratio. Admixture gas N2 + NO (500 
ppm). Applied voltage 12 kV
pp
, gas flow rate 3 slm, discharge gap 1 cm. Image intensifier 
exposure time is 75 s.  
Figure 8: Steady state density of N2 (C) and N2 (A) state is calculated from the electron impact 
excitation rate constant. Effective lifetime of these states varies with admixture ratio due to 
different energy exchange reaction of these states with the background gas.  
Increase in the N2 (A) state density increases the secondary emission coefficient of the 
dielectric surface and increases the electron density in the discharge chamber at the beginning 
of 1st pos. discharge phase. 
Rate constant of different electron impact excitation and ionization processes are calculated 
using the energy dependent collision cross-section using two term approximation using 
BOLSIG+ software. Radiative lifetime and the rate constants of different energy exchange 
collisions among the excited state and the background gas particles are taken into account to 
calculate the steady state density of these excited states. Variation in the steady state density of 
N2 (C) excited state [fig. 8] in the 1
st pos. discharge phase with admixture ratio is similar to the 
variation of the emission intensity of SPS (0-0) band of N2. The variation of the N2 (A) excited 
state during 1st pos. discharge phase is similar with the variation of the N2 (C) state density. 
The steady state density of N2 (A) state is ~ 10
13 /cm3, which is of the same order as the 
experimentally estimated N2 (A) state density.   
 
 
 
 
